A facile synthesis of (±)-heliannuol-D 1, which serves as an allelopathic chemical in nature and a potential lead compound in the search for new herbicides, has been achieved in a linear 11 steps, together with its epimer. The synthesis commenced with 4-methoxy-3-methyl-acetophenone, through the Baeyer-Villiger reaction, lithiation and addition, epoxidation and intramolecular cyclization to give (±)-heliannuol-D (1) and its epimer (1a) in 32.6% overall yield. Our synthetic approach is cost-effective; this will be helpful in applying this kind of compound for the development of a new generation of agrochemicals.
Currently, more intense agricultural production requires higher levels of pesticides and herbicides. However, the indiscriminate use of herbicides has provoked an increasing incidence of resistance in weeds, which has made the development of more efficient and specific herbicides necessary. As a matter of fact, plants and microorganisms contain allelochemicals which act as their defense system and may act as herbicides. Allelochemicals are an important potential source in finding new herbicides and agrochemicals, since they offer new modes of action, more specific interactions with weeds and less environmental damage [1] . Allelochemicals that suppress or eliminate competing plant species near the source plant have received special attention due to the potential of these compounds to serve as natural herbicides [2] .
The cultivated sunflower, Helianthus annuus, is allelopathic and shows activity against troublesome weeds such as morning glory, velvetleaf, pigweed, jimson weed, wild mustard, and others [3] . Since 1993, Macías' group has reported a series of allelopathic natural compounds called heliannuols (Figure 1 ) from H. annuus, which are a new class of sesquiterpenes that bear a benzocyclicether moiety with a medium-sized ring. It was found that heliannuol F showed strong inhibition of the germination of Lactuca sativa and Allim cepa even at a concentration of 10 -7 mol . L -1 [4] . Therefore, this kind of compound may be able to be developed into a herbicide. Because of their promising activities, heliannuols have appealed to many synthetic chemists, and several reports on the synthesis of members of this class have been published [5] . However, a new synthetic technique is highly desired in terms of cost if these compounds are to be applied as agrochemicals. As an extension of our continuous effort to synthesize these kinds of naturally occurring products and to test their potential application as agrochemicals [6], we report our synthesis of (±)-heliannuol-D (1) and its epimer (1a) using inexpensive starting materials and facile chemical operations. Scheme 1: Reagents and conditions: a) mCPBA,CH 2 Cl 2 , 92%; b) MeOH, K 2 CO 3 , 91%; c) -78 o C, Br 2 , CHCl 3 ; d) TBSCl, imidazole, DMF, 87% for two steps; e) n-BuLi, 6-methyl-3-hepten-2-one.
As shown in Scheme 1, 4-methoxy-3-methyl-acetophenone was chosen as the starting material and was transformed into 4-methoxy-3-methylphenol (3), which is the common building block in the synthesis of all the heliannuols [5h], after Baeyer-Villiger oxidation and saponification, in 80% overall yield, in two steps. Then, it was brominated in chloroform at a low temperature to successfully afford compound 4. Since 4 was prone to oxidation into complicated mixtures, it needed to be protected in a suitable form. Initially, the t-butyldimethylsilyl group was chosen and an intermediate 5 was provided smoothly. Unfortunately, despite trying several different solvents (THF, diethylether, and a mixture of HMPTA and THF), the coupled compound 6 could not be obtained smoothly.
We then suspected that steric hindrance of the TBS group blocked the encounter of the two molecules. Therefore, MOM was introduced to compound 4 to give the protected compound 7. This was lithiated smoothly, then coupled to 6-methyl-3-hepten-2-one to give 8 in 75% yield (Scheme 2). With compound 8 in hand, the tertiary alcohol was reduced in the presence of triethylsilane and boron trifluoride etherate to give the bisabolene sequiterpene skeleton 9. Because of the lability of epoxide in the acidic condition of MOM deprotection, the MOM group was removed before epoxidation and compound 10 was furnished. Direct epoxidation of compound 10 proved to be inappropriate. Finally, we designed a one-pot intramolecular S N 2 cyclization between the phenyl hydroxyl group and epoxide in basic conditions in situ (Scheme 3). Hence, the MOM group was changed to a TBS group through deprotection of 10, and TBS protection, in excellent yield, and thus compound 11 was obtained. This was subjected to an epoxidation reaction by meta-chloroperbenzoic acid to give two diastereomers in an almost 1:1 ratio. Unfortunately, several attempts to separate these two diastereomers failed.
With this key intermediate in hand, TBS-protected compound 12 was treated with potassium carbonate in methanol and a one-pot intramolecular S N 2 cyclization was conducted to give compound 13. After performing a basic demethylation protocol [7], (±)-heliannuol-D (1) and (±)-epi-heliannuol-D (1a) were obtained. To our dismay, many attempts, including HPLC, for the separation of 1 and 1a failed (Scheme 3). In summary, we have achieved an effective and facile synthetic route to the synthesis of (±)-heliannuol-D and its epimer in 32.6% overall yield using inexpensive starting materials. Deprotection and one-pot intramolecular S N 2 cyclization to build up the skeleton of heliannuols from a key intermediate are the salient characteristics of our approach. The synthesis of its analogues and further biological evaluation are in progress.
Experimental

General:
The 1 H NMR and 13 C NMR data were recorded in CDCl 3 solution with Bruker NMR spectrometers (DRX 500, AM 400), if not noted otherwise. The chemical shifts are measured relative to TMS (= 0) or chloroform (= 7.26) and the coupling J is expressed in Hertz. Mass spectra were recorded on a Thermo Scientific TSQ Quantum Access MAX mass spectrometer (ESI, positive or negative). Standard flash chromatography was employed to purify the crude reaction mixture using 200-300 mesh silica gel (Tsingdao Ocean Company) under a positive nitrogen pressure.
4-Methoxy-3-methylphenyl acetate (2):
To a solution of 1-(4methoxy-3-methylphenyl) ethanone (26.60 g, 0.16 mol) in DCM (200 mL) was added 85% mCPBA (59.20 g, 0.29 mol), portion wise. The resulting mixture was then refluxed for 3 h for completion. Saturated aqueous Na 2 S 2 O 3 (30 mL) was introduced to quench the reaction; the reaction mixture was extracted with DCM (3×60 mL) and the combined organic layers were washed with brine and dried with anhydrous Na 2 SO 4 . The solvent was evaporated in vacuo and the residue was purified by CC to give 2 (26.84 g, 92%) as a pale yellow solid 
4-Methoxy-3-methylphenol (3):
Under Ar, to a solution of 4-methoxy-3-methylphenyl acetate (8.36 g, 46.39 mmol) in MeOH (70 mL) was added potassium carbonate (16.00 g, 115.76 mmol) and then the resulting mixture was stirred for 3 h at 25 o C. Then the mixture was filtered, and the filtrate was acidified to pH 4~5 by adding 3M HCl. The organic layer was evaporated in vacuo and the residue was purified by CC to give compound 3 (5.83 g, 91%) as a yellowish liquid. 1 H NMR (500 MHz, CDCl 3 , ppm): 6.72 (d, J = 8.6, 1H), 6.68 (d, J = 3.0, 1H), 6.65 (dd, J = 8.5, 3.0, 1H), 5.09 (br s, 1H), 3.80(s, 3H), 2.20 (s, 3H). 13 C NMR (125 MHz, CDCl 3 , ppm): 152. 0, 149.1, 128.11, 118.0, 112.5, 111.4, 56.0, (M-H, 100%).
2-Bromo-4-methoxy-5-methylphenol (4):
At -78 o C, to a solution of 4-methoxy-3-methylphenol (5.11 g, 37.0 mmol) in 80 mL of CHCl 3 was added slowly bromine (2 mL, 38.80 mmol) in CHCl 3 (30 mL) in the dark. The resulting mixture was then warmed to 25 o C and maintained for 2.5 h. Saturated aqueous NaHSO 3 (30 mL) was introduced to quench the reaction, and then the mixture was extracted with DCM (3×30 mL). The combined organic layers were washed with brine and dried with anhydrous MgSO 4 . The solvent was evaporated under vacuum to give 4 as a light yellow solid. Because compound 4 was extremely liable to oxidation, it was used for the next step without further purification.
1-Bromo-5-methoxy-2-(methoxymethoxy)-4-methylbenzene (7):
To a solution of 2-bromo-4-methoxy-5-methylphenol (15.70 g, 72.33 mmol) in 120 mL of DCM was added slowly N,Ndiisopropylethylamine (38.0 mL, 217.00 mmol) and then MOMCl (11.0 mL, 144.70 mmol) was added dropwise at 0 o C under Ar. The resulting mixture was stirred for 6 h at 25 o C. Saturated aqueous NH 4 Cl (50 mL) was introduced to quench the reaction, and then the mixture was extracted with DCM (3×50 mL). The combined organic layer was washed with brine, and dried with anhydrous MgSO 4 . The solvent was evaporated under vacuum and the residue Preparation of (±)-heliannuol-D Natural Product Communications Vol. 8 (9) 2013 1199 purified by CC to give 7 (8.40 g, 87% for two steps ) as a light yellow solid. MP: 43-45 o C. 1 H NMR: 6.84 (s, 2H), 5.01 (s, 2H), 3.63 (s, 3H), 3.40 (s, 3H), 2.03 (s, 3H). 13 C NMR: 153.2, 146. 3, 125.9, 118.6, 113.7, 108.7, 95.0, 55.2, 54.7, 15 .1. ESI-MS m/z: 283.00 ([M+Na] + , 100%), 285.00 ([M+Na] + , 92%). -2-(methoxymethoxy)-4-methylphenyl) -6-methylhept-5-en-2-ol (8): Under Ar and at -78 o C, to a solution of 1-bromo-5-methoxy-2-(methoxymethoxy)-4-methylbenzene (11.68 g, 44.70 mmol) in 80 mL of anhydrous THF was added n-BuLi (49.2 mmol), dropwise. The resulting mixture was stirred for 10 min at -78 o C. The mixture was warmed to 0 o C and stirred for 40 min. Then the resulting mixture was cooled to -40 o C again, and a solution of 5-methylhex-4-en-2-one (6.5 mL, 44.3 mmol) in 30 mL THF was added dropwise; the mixture was then stirred for 2 h. The reaction mixture was then warmed to 0 o C and saturated aqueous NH 4 Cl (40 mL) was introduced to quench the reaction. The mixture was extracted with Et 2 O (3×60 mL). The combined organic layers were washed with brine, and dried with anhydrous MgSO 4 . The solvent was evaporated in vacuum and the residue was purified by CC to give 8 (10.34 g, 75%) as a light yellow liquid. 1 H NMR: 6.94 (s, 1H), 6.87 (s, 1H), 5.17 (s, 2H), 5.08 (t, J = 6.84, 1H), 3.79 (s, 3H), 3.63 (br s, 1H), 3.49 (s, 3H), 2.18 (s, 3H), 2.15-2.05 (m, 1H), 1.98-1.90 (m, 2H), 1.88-1.82 (m, 1H), 1.64 (s, 3H), 1.57 (s, 3H), 1.51 (s, 3H). 13 C NMR: 152. 3, 148.0, 133.3, 131.6, 125.9, 124.6, 117.4, 109.6, 95.0, 75.2, 56.1, 56.0, 42.1, 28.0, 25.6, 23,3, 17.6, 15.9 . ESI-MS m/z: 639.06 ([2M+Na] + , 100%), 332.27 ([M+Na] + , 72%).
2-(5-Methoxy
1-Methoxy-4-(methoxymethoxy)-2-methyl-5-(6-methylhept-5en-2-yl)benzene (9):
Under Ar, to a solution of compound 8 (4.5 g, 14.59 mmol) in 100 mL of anhydrous DCM was added Et 3 SiH (2.85 mL, 17.51 mmol) at 0 o C, dropwise. Then BF 3 . Et 2 O (2.0 mL, 16.0 mmol) was added dropwise during 1 h at 0 o C. Ice water (20 mL) was added to quench the reaction. Then the mixture was extracted with DCM (3×50 mL). The combined organic layers were washed with saturated aqueous NaHCO 3 and brine, and dried with anhydrous MgSO 4 . The solvent was evaporated under vacuum and the residue was purified by CC to give 9 (3.89 g, 91%) as a light yellow liquid. 1 H NMR (500 MHz, CDCl 3 ,): 6.87 (s, 1H), 6.65 (s, 1H), 5.15-5.05 (m, 1H), 5.09 (s, 2H), 3.78 (s, 3H), 3.49 (s, 3H), 3.22-3.12 (m, 1H), 2.18 (s, 3H), 2.00-1.84 (m, 2H), 1.66 (s, 3H), 1.65-1.55 (m, 2H), 1.54 (s, 3H), 1.19 (d, J = 6.95, 3H). 13 C NMR (125 MHz, CDCl 3 ,): 152.1, 148. 3, 134.8, 131.2, 124.7, 124.5, 118.0, 109.2, 95.7, 55.95, 55.94, 37.4, 31.9, 26.3, 25.7, 21.4, 17.6, 16 .0. Butyl(4-methoxy-5-methyl-2-(6-methylhept-5-en-2 yl)phenoxy)dimethylsilane (11): To a solution of 9 (3.44 g, 11.76 mmol) in 30 mL of methanol was added 3 M HCl (6 mL), dropwise. The resulting mixture was then refluxing for 2 h before ice water (30 mL) was added to quench the reaction. Then the mixture was extracted with DCM (3×50 mL). The combined organic layers were washed with brine, and dried with anhydrous MgSO 4 . The solvent was evaporated in vacuum and the residue was purified by CC to give 10 as a light yellow liquid. Due to the high liability to oxidation, compound 10 was used for the next step without further purification. Thus, to the solution of 10 mentioned above, was added imidazole (1.2 g, 18 mmol) and TBSCl (2.5 g, 17 mmol). The resulting mixture was stirred overnight before ice water (20 mL) was added to quench the reaction. The mixture was then extracted with DCM (3×40 mL). The combined organic layer was washed with saturated brine, and dried with anhydrous MgSO 4 . The solvent was evaporated under vacuum and the residue purified by CC to give 11 (3.83 g, 93% for two steps) as a light yellow liquid. 1 H NMR: 6.62 (s, 1H), 6.56 (s, 1H), 5.15-5.06 (m, 1H), 3.77 (s, 3H), 3.20-3.10 (m, 1H) , 2.14 (s, 3H), 2.03-1.85 (m, 2H), 1.66 (s, 3H), 1.64-1.50 (m, 5H), 1.15 (d, J = 6.00, 3H), 1.01 (s, 9H), 0.195 (d, J = 6.00, 6 H). 13 C NMR: 152.1, 146.2, 135.6, 131.2, 124.8, 124.1, 120.8, 109.0, 55.9, 37.4, 31.3, 26.2, 25.8, 25.7, 21.2, 18.27, 17.6, 15.9, + , 100%). (2-(4-(3,3-dimethyloxiran-2-yl)butan-2-yl) -4-methoxy-5methylphenoxy) dimethylsilane (12): At 0 o C, to a solution of 11 (2.34 g, 6.5 mmol) in 100 mL of DCM was added NaH 2 PO 4 (2.09 g) and mCPBA (1.9 g, 9.4 mmol); the resulting mixture was then stirred for 40 min at 0 o C before saturated Na 2 S 2 O 3 was introduced to quench the reaction; the mixture was then extracted with DCM (3×30 mL). The combined organic layers were washed with saturated aqueous NaHCO 3 and brine, and dried with anhydrous MgSO 4 . The solvent was evaporated under vacuum and the residue was purified by CC to give 12 (2.24 g, 92%) as a light yellow liquid. 1 H NMR: 6.56 (s, 1H), 6.62 (s, 1H), 3.77 (s, 3H), 3.15-3.19 (m, 1H), 2.65-2.70 (m, 1H), 2.14 (s, 3H), 1.34-1.70 (m, 4H), 1.26 (s, 3H), 1.20 (s, 3H), 1.19 (d, J = 6.00, 3H), 1.00 (s, 9H), 0.18 (s, 3H), 0.20 (s, 3H). 13 C NMR: 152.2, 146.2, 134.8, 124.4, 121.0, 108.8, 64.6, 58.3, 55.9, 34.3, 31.8, 27.4, 25.9, 24.9, 21.4, 18.6, 15.9 . ESI-MS m/z: 379.16 ([M+H] + , 60%).
t-
t-Butyl
Methyl ether of (±)-heliannuol-D and its epimer (13):
To a solution of 12 (1.95 g, 5.15 mmol) in MeOH (30 mL) was added anhydrous K 2 CO 3 (10.68 g, 77.28 mmol). The resulting mixture was warmed to 60 o C and stirred for 10 h at 60 o C before water (30 mL) was introduced to quench the reaction; the mixture was then extracted with EA (3×30 mL). The combined organic layer was washed with brine, and dried with anhydrous MgSO 4 . The solvent was evaporated under vacuum and the residue purified by CC to give 13 (1.20 g, 88%) as a light yellow liquid. 1 H NMR: 6.75 (s, 1H), 6.46 (s, 1H), 3.80 (s, 3H), 3.30-3.25 (m, 1H), 3.11-3.04 (m, 1H), 2.63 (br s, 1H), 2.15 (s, 3H), 2.07-2.01(m, 1H), 1.93-1.89 (m, 2H), 1.79-1.72 (m, 1H), 1.35 (d, J = 7.0, 3H), 1.27 (s, 6H). 13 C NMR: 153.6, 151.5, 137.4, 124.8, 123.6, 111.3, 90.5, 72.4, 55.8, 39.7, 34.1, 31.8, 26.1, 25.6, 24.4, 15.6 .
Methyl ether of epimer of (±)-heliannuol-D 1 H NMR: 6.78 (s, 1H), 6.56 (s, 1H), 3.81 (s, 3H), 3.3-3.25 (m, 1H), 2.98-2.92 (m, 1H), 2.63 (br s, 1H), 2.13(s, 3H), 1.95-1.89 (m, 2H), 1.80-1.71 (m, 2H), 1.31 (d, J = 7.0, 3H), 1.27 (s, 6H). 13 C NMR: 153.8, 152.4, 137.4, 125.1, 122.9, 108.4, 89.5, 72.5, 55.8, 34.6, 30.7, 26.3, 25.6, 24.5, 18.6, + , 100%) (±)-Heliannuol-D (1): Under Ar, to a solution of sodium hydride (1.08 g, 27 mmol, 60% in mineral oil) in anhydrous DMF (10 mL) was added ethanethiol (1.66 mL, 22.51 mmol) in DMF (5 mL) at 0 o C, dropwise. Then a solution of compound 13 (1.19 g, 4.50 mmol) in DMF (10 mL) was added at 25 o C; the resulting mixture was refluxed for 3 h before ice water was introduced to quench the reaction; the mixture was then washed with light petroleum. The aqueous phase was acidified with 4N HCl, and extracted with Et 2 O (3×30 mL). The combined organic layers were washed with brine,
